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PORTON TECHNICAL PAPER No, 829

DATE: Decenber, 1962,

MECHANICAL CHARACTERISTICS OF THE HUMAN LIRYAY IN
RELALION 10 THE USE OF MWE INIFRRUPTFR VAIVE

By

ReJ._Skephard

1. ~Electrical and mechanical analogues have been used to formulate hypotheses
concerning the mechanical characteristics of the respiratory tract, end tusse
hypotheses have been confirmed by examination of “nuscenned” pressure records
cbtained from the Clements Valve during the repetitive interrupticn of eirflow
in man,

2. At normal respiratory frequencies, impedancs is due mainly to the sua of
resistance compon:nts. Impedance recches & ninumum ot a frequency of about
30 ¢/sec, end cmall reacnant peeks are seen at 6.6, 18,7, 28, and 56 c/sec.

3, was inertance and mouth well ccmplience ere importent determinants of the
rate of pressure eguilibretion betwesen tha lungs end the mouth,

Lo Dauping is normally less than criticei. The secondary rise of pressure
seen after flow interruption is due to continuing movement of the diephrega
ccapressing the lung ges vclume against & tenss chest wall,

He If airwey resistance is increzsed, damping mey exceed the eriticel valae,
and 9! pressure equilibration ney occupy 100 m.sec,

6., Thece findings are considered in relation to the use of the Clerents'

interrupter velve. )\ The impostance of s reisxed chest well during the test is

enphasized. Owing Yo the continuing action of the diaphrogm, the pressure
inmediately following' interruption normnlly gives the best estiunate of airway

resistance; hrwever, where cquilibration is slow, a lute pressure is preferable,
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The "scanning" zone of the Clenenits interrupter valve represents one
compronise between these two conflincting requirenents; the possibility
of spesding pressure equilibration by addition of an external inertance
has yet to be exploited,

(8g3.) C. Lovait Evana,
Head Physiolougy Sectlon,

(cgd.) W.S.S. Ladell,
RJS/PLiF, Assisiant Director(Medicul),
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PORTON TECHNICAL PAPER No. 829
DATE: December, 1962

MECHANICAL, CEARACTERISTICS OF THE HUMAN ATRWAY IN
KELATION 10 THE USE CF THE INTERRUPTER VALVE,

By

ReJ. Shephurd

INTRODUZTION

Jne of the earliest, and often the only clear symptom that resulis
fron nild or noderate respiratory exposure to an anticholinesterase vipour
is the sensation of "tightness in the chest", This sympten is linked, at
least in some degree, with "bronchospasn", and methods of measuring the
increase of airway resistence folilowing inhalation of an enticholinesterese
thus offer one possibie sliple approacn tu the gquantitation of respiratory
exposure,

The 1.ethod of airway interruption has been epplied to the clinicael
r.easurecnent of bronchespasm for nore than 30 years (4). It is a ccnvenient
technique f'or applied physiological work, since the appera*tus can be quite
portable (2), and 1little co-operation is required fron the subject. A form
cf interrupter valve develcped by Clemerts (3, 4 eud Appendix T) and louned
to this Establishuent for trial ihrcagh standardization chammels has been
used to follow changes in airway resistance prodiiced by inhalation of GB
(3, 5) and CS (6). However, the accuracy of the results obitained has teen
questioned, and some have ¢ven stuted that bronchospasn could be detectsd
equally well by "the tcssing of a coin" (7). Our deta would not svlpost
such a categorical rejection of the nethod, but o considerable variation in
the results was found both for a given subject, and fron one nornial subject
to another,

Three assumptions are made when the interrupter valve is used to neasure
airvay resistance:

(1) the pressure gradient fron chest to valve, prior to interruption,

is the siuple resultant of corponents due to lung tissue, airway,

and valve resistance.
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(2) following interruption, mouth end chest pressures are

repidly equalized;

(3) ohest precsures remain essentlally unaltered during the

oourse of equilibration,

The airway system has an inpedence that is the resultant of many
independent parameters, resistance, compiiance, and inertance, arrunged
both in series and in parallel, and to study the validity of the above
assunptions, it is convenient to represent this conplex syste: by approp—iate
electrical and mechanical anclogues.

In the present paper, findings from two such analoguss are applied tc ihe
interpretation of Clements' interrupter valve tracings, both scanned (raf.i
and Aprendix 1) and unscanned, The normal range of values is defined, &nd
the effect of dcliberate variations in chest and upper airway complisnce, ges
inertance, and upper airwey vesistance exa:ined, When airway resistance isg
nornal, the basic arsunptions of the method are substantially valid, and the
unscanned pressure immediately following interruption gives the best esiimate
of both airwuy resistance ard elso of an addea external resistance., However,
when airway resistance is increased, equilibration s slowed, and the final
pressare reading is appreciably reducei by mouth conpliance, In these
circunstarces, the "scenned" pressure has greater validity than the unsnenned
rressure, but neiuvaner metiod can give a fully quantitative ueasure of eirauy
resistance.

THECKETICAL

Changes of intra-thoraszic pressure dvring equilibration

Several factors wmay affect intiathoracic pressuce following interruption
cf airflow 2%t the nouth, It is coavenient to eranine these facters thooretically
before considering use of the analogues, and of the valve in man,

(a) Continued respiratory novenent. It is assuned that a steady movenent
of 0,5 1/sec is naintsined by the diaphragm during the 50 u.sec. of ficw

interruption characteristic of the Cleuents valve; in essence, a closed sysicn

is compressed by 25 nl, Acting against the compliance of lung gas alonc
(~0,004 l/cm.HZO), this would increase intre~thoracic pressure by nexys than
6 cm.H?O; acting agains* the compliance of tnc relaxed chest wall (~0,200
1/cm.H20), the pressure rise would be only 0.13 cm.H,0. In practicc, continued
respiratory novenont produces a slow risc of pressurc to & level between these
extrencs deternined by the cxtent of chest relaxation,
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(b) Gas inertance, TDuring closure of the Clenents' valve, flow

falls frou 0.5 1/sec to zero in about 12 m.sec, Assuning a ges inertance
of 0,04 om.HZQ/l/sec(S), the pressure within the airway would rise immediately
by sone 0,4 cm.HZO. However, the volume of gas in which this pressure is
developed (150 = 41C0 ml) of dead space gas) is small, and although inertence
contributes to the first oscillation of moulh pressure, it has a negligible
influence on the final equilibriun pressure,

(¢) Mouth compliance. During equiiibration, the mouth corpliance

nust "charge" to the suue pragsurc as the alveolar gas volume, Mouth
cornpliance is normally about a quarter of lung gas compliance (L), so that
this factor reduces equilibriun pressure by some 20%; in sbsolute units, the
effect of mouth compliance is much greater when airway resistance is increased.
‘*he overall effoct of these three factors is such that i subjects with
a nornal airvay resistance, the equilibriun pressure is & littlc less than
the initial gradient due to the sun of eirway a~d lung tiswue resistance,
However, where airway resistance is increased, the equilibriun pressure tends
to be considerably less than the initial pressure gradient, except in subjects
with a tense chest.
1. Flecurical anatogvre of che respiratory syzten

The physiological conponents of the systsm, and their approximate
electrical and mechanical equivalents are svmmerized in Tavle 1, In the
electrical cirsuit (Fig.1), viscous rosistances were represented by electrical
resistances (scale 4 cm.qufl/sec at a flow of 0,5 i/<ec = 1 X ohn), compliances
were represented by ceapacitances (sdcle 0,001 l/cm.HZO = 1 yF), and ireria:ces

by induciances \scale 0,004 cm,HZO/.L/soc2 = 11,

(a) Inpedance to normal respiration. During norual respiration, the

nain forces arc generated by the diaphragn; however, the chest nuscles are
usually sufficiently uctive to avoid paradoxical novenent {that is, the
conpliance of the chest wall apsroaches zero during respiratory ectivity).

Tnis situation was represented in the electrical model by disconnecting tissue
compliance C, from tissue resistance R,, and attacking a high output inpcdance
sinc wiave oscillator (Bdiswan K.666) to input 4 ("external" to Rc)' Respiration

through the resistence of the open interrupter velve Re was simulated by
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connecting R, to earth through the switch 81.

The impedance Z of the analogue was determined by oscilloscope, voltages
being measured across the analogue + snall known resistunce Rx(v1),and across
the unalogue alone (Vp):

9 Input41 R . i
. LXK digh output inpedance Sine-weve
A "'—'T'—.M/\;\'V_—T oscillator
- Vo V4

The ra%io of peak to pesk voltages A was proportional to the ratio Ry/%Z,

end the inpedance of the enalogue was thus given by Rx.Vz/(V1 - Vz). Resonant
frequencies were deternined by slowly varying the fregquency of oscillation until
"beats" were suppresseds Lissajou patterns were plotted by nininising Ky, and
plotting V4 = V2 end V2 cn the two axes of the cathode ray screen.

(b) Response to interruption of flow, (i) Step change of flow, A
nperfect" interrupter valve - ould give rise to an instantaneous interruption »f
e steady flow, % was not possible to simulate this situation using the entire

electrical analogue, since the conponent representing lung compliance (C») would

not transnit a steady flcw., Hcwever, to o first epproxincstion, lung pressures
are not altered by flow inserruptior (9); thus for the purpose of studying
equilibretion rates and laoping, & constant voltage d.c. potential could be
applied to the lung gas coumliance (Input 2 of Fig.1), and interrupiion of flow
sinulated by opening cwitch S4e  Tl.e "routh" pressure (potential) during
equilibration was obs<rved on an oscilloscope, and also recorded orn a high speed
pen oscillogreph (liniting frequency response 90 ¢/sec). (ii) Use_of fleuent's
valJve, The Clement's velve takes 42 n.sec. to complete the irterrupticn of

airflowe The electrical analoguc was arrange as for (i), excepl that 34 was
kept closed, ana the external resistance was increased frciax 6,8 to 100 K ohus
over the spacc of 12 m.sec,, using a potentionctler operated by a svitable cen,
2, Mechanical analogue of respiratory system

The nmechenical analogue is shown in Fig.2., Tt dift'ered from the eleotrical
analogue in two nuin respects:

(1) non=lineer resistances werc used, and

UNCLASSIFIED
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(41) ocontinuing respiratory movement during interruption of
flow was simulated by a steady input of eir (0,5 1/sec)
into the large tank (4109 1, volume) representing lung gas,
lung tissue, and chest wall compliance,

The alrway was represented by a rigid tube of 50 om length and 5 on?
oross-seotion, leading from the "lungs"™ to the interrupter valve. This
provided adequate representation of the inertance and capacitansce of gas
in the airwyy; airwey resistance was supplemented by an orifice Ra (2 - 8 mn
diameter orifices used in different experiments),

The mouth was shown as ¢ sncll branch channel near the pressure topping,
leading through o 7 mm orifice Rp (mouth tissue resistance) to a rigid vesscel
of 1 1. copacity (mouth gas copeoitence and tissu. compliance),

"Mouth" pressures during equilibration were recorded fron a piegometer
ring, using a ocapacitance menometer and pen oscillograph (wita alternative
display on & cathods ray oscillograph).

In some experiments, the interrupter valve was set in the open position,
and “step" interruptions of flow were obtained by rapid rotation of a tap.
In other experiments, the Ciements' valve was driven at the stendard rate
(interruption of flow over course of ~42 m 89¢).

3. Hunan experimeats

(&) Normal valuss, The eirway resistance of 4132 healthy servicemen,
aged 17 - 42 y1, was meuswred by neens of the Clements' interrupter valve,
using the standerd "scanning" ports, with independent neasurement of flow
and interruption presswes (Appendix I).

The standard procedure, followsd by all subjects, consisted of ~ series
of preotice runs untii the subjeot wes ablie to naintcin s flow of 0,5 l/sec
(to within 3 10%) throughout expiration. Ten naximal expirations were then
nede at the standard rete, with intervals of 30 sec between successive tests,
The airway resistance was ocaloulatod fron the steady values of Pp ard Py
during the iniddle third of ocach expiration,

In some subjeots, additional tests of resistence were mede during short
expirations following & norual inspiration, und in others, the airway resistance
was caloulated for the middle third of o steady maximal inapiration.

UNCLASSIFIED
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(b) "Unscanned" interrupter velve resords. The "sconning® ports

of the Clerents' valve were closed, and e continuous pressure record obtained
fron a piezoneter ring (Appendix I).
Unscanned records were obteined during nexinel expiration at 0.5 1/see
(10 cbservations on each of 13 subjects) and ot 1,0 1/sec (40 observations
on each of 10 subjeots). Records were also obtained during mexinal inspiration
(140 1/sec, 10 subjects), ard during breathing through an external resistance,
In 3 subjects experienced in respiretory manoecuvres, the pettern of the
records was studied before and aftor delibercte nodifications in the mechunicel
properties of the system, These included:
(1) dccrease of chest woll complience (delibesate tensing of chaest
muscles),
(1i1) inorcase of airway resistance (deliberate constriction of glottis),
(11i) changes of airwny gas incertance (breathing of mixtures containing
80% helium or 807 sulphur hexafiuoride, and lengthening of dead
space between routh and velve),
(iv) drcrease of pouth compliance (4 1, bottle arranged as "shunt"
in parallel with icuth coplience).
The effect of (iii) was also oxacined in two elderly subjects with chronic
bronchitis,

(e¢) Estimeiion of cxternel resistancn, After the control value for

eirwey resistance (Ry) had been det~rnined fron both scanned erd unscamned
reccrds, an orifice with flow expornent siuilar to that for the respiratory tract
(n = 1.6 = 1,7 ) was in’%erposed betwecn tlic nouthpiece and the interrupter velve,
and the tolal resistaacc \Rp) deterained, The externel resistence Ry was then
caleuleted as the difvercnce between thess two values (RT - Rp)e  Assuning that
Ry is not eltered by a small additionzl externel resistance, the accuracy with
which Ry 1s estinated provides & check on the success with vhich the nethod is

neasuring the resistance between lung ond valve,

*I» the respiratory troct,the relationship between pressure P and flow dv/dt cau-
not be described by e single rcsistance constant R appliceble to all flow rates.

Resistance nay be described by two constants R, and Rg , thus:
\2
P=Rx%‘% + Rﬁ<%{~ , OF
over a limited and specified range of fiows ¥, this wcy be sinplificd to a singl

resistanco coefficient R and o flow cxponent n, thus P = RF(n)

In man, at flows of 0,5 = 2,5 1/sec, n = 1,6 = 1,7 (ref,3)

UNCLASSIFIED
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RESULTS

1, Using electrigal analogue cf respiratory systen
(a) Impedance to respiratory flew, Under conditions of steady flow, the

pressure gredient from chest to interrupter valve nmust be the simple resultant

of resistance components due to lung ¢issus, airway, and velve resistance,

The extent to which this conclusion imus% be modified under the phasic conditions
of respiratory flow has becn investigated by reans of tho electrical analogue
and by complox anelysis of ihe equivalent electrical circuit (Table 2 and
hppendix II). At normal respiretory frequencies (0,25 - 1,0 ofsec), calculations
predicted thet the total sine-wave inpedance Iz would be a little greater than
the sum of the resistance components. There was also & moderate phese shift;
doteiled study of the complex anelysis showed thet this was attributable rneinly
to lung compliance at a frequency of 0,25 c¢/scc, end nainly to lung gas compliance
et 4 ¢/sec. As the frequency wes further increesed, tissue inertance becane
progressively umore inportent a: & deterninant o the overall properties of the
systen, and this conponent was resjyonsible for the large positive phase engle

at 100 ¢/sec.

Experinentelly deter ircd values for the inpodance of the analogue (Fig.3)
agreed with the results of coiplex analysis, within the linitations imposed by
the electrical corponents, A% both normel and high airwey rcsistence setitings,
irpedance declirad from a figurce close to the sun of resistance couponents at
noriial respiratory frequencies to a ninioun et about 30 c/sec. With an eirway
resistance setting of 1.5K, rosonance pesks were scan at 6.6 ¢/sec, 18.7 c¢/sec,
28 ¢/sec, and 56 c¢/sec: with the airway resistance setting increased to 49K,
only slight displecei:ert of thesc peaks occuricd (resonant frequoncies 6.5, 16.3,
30.2, 52, 99 c/sec). The inpedance at resonant frequoncies differed oaly slightly
fron that at non-resonent freoquencies, suggesting that the systen was elncst
critically damped, Lissejou petterns showad that under normal ccnditions
*pressure"” (voltagc) and "flow" (current) applied at the "che:t" (irput 1) were
in phasc at o frequency of ~25 ¢/sec, The frequency for nininun ereca of the
Lissajou pattern was not naterially altered by large changes of Ry, Cp, end Ry,
but was incroaced by a deccrecase of either lung gas conpliance or lung tissue

incrtance:

UNCLASSIFIED
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Frequency for minimun area
of Lissajou pattern,

(2) normel settings 25.2 ofsec
(b) Cg = 2pP(nornally LpF) 36,0 o/ sec
(6) Ly = S (aormally 40H) 34,0 o/ sec

(b) Resporse to interruption of fiow., (i) Step ohenge of flow,
With a constent d.0. potentiel coupled to lung gas compliance Cg (input 2
of Pige1), the sudden interruption of flow by opening of swi‘ch Sy reduced
the analogue to a sinple series RCL sirocuit,
The danping ratio d (see appendix III) for such a circuit nay be celculeted
quite sinply (4 = %- F ), and a 909 cquilibration tims nay also be derived on

theoretioal grounds (Table 3); the latter epnlies to recovery fron e sinple
constraint, and does not take account of the fect thet "ges" i3 already flowing
through the main inortance of the circuit prio- to interruption. The 9C¢
equilibration times are thus i1 practice shorter *hen the theoretical prediction,
The response of the anelogus is illustrated in Fig.4. Danping was nornally
equal to or slightly in oxceus of critical, with a 90% response tine of ebout
1C n.e3c (Fig.ha). If nouth compliance or mouth tiassue resistance was r«duced
(Fig.4b), the syster becane underdanped, and interruption of flow gave ri~¢ to
an imnediate chain of oscilleticns (907 re.ponse tiue effectively zero), On the
other hand, cquilibratiol. waus progrezsively slowed by increase of airwey resistanse
(Fig.ic) or nouth compliamnce (Fig.hd)., (11) Use of interrupter valve cen, The
results wore essentially sinmiler wher flow wes into.srupted by the can sheped to

sioulate the interrupter vwlve., Th. sycton was norcally close to critical
denping, With e low mouth rcsistance, the system becanc underdanped, ani with a
nornal nouth resistence and inoreased airway resistance (15K), equilibration was
not completed within the period of interruption, Both with norrel and increased
eirvey resistance, denping was increased by an increase of mouth compliance,
2, Using nechanicel analogue of respiratory system

Experinents releting to the rete of equilibration following interruption of

flow were repeated on the nechanicel enalogue, to exauine the effect of replacing
lineer by non-liinear resistors,

UNCLASSIFIED
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(1) "Stop" interruption of flow, The observed damping retios (calculeted
from the second end third helf weves of the oscilletion) or 90% eguilibration
tines (where denping >oriticel) era shown in Teble 4. Intorpolating from this
tablae, it nay he concluded thet with e combined mouth and alrway resistance of
6.5 on HZO/l/aec as in normal wan (airwey orifice 6 - 7 on diamete?), the
danping of the mechanical enaloguoe was no more than 0,25 eriticel, At e

siniler setting, it was caloulrted that the eleotrical analogue was ciritically
denpod.,

(ii) Use of inteorrupter velva, Results were sinilar to those obtained with

a "Step" interruption of flow. At normal settings, Cemping wes ~0,25 critical,

and the transition to demping in excess of oriticel did not occur until the
dienmetor of the airway orifice Rp was redvced to 4 - 5 mn,
3. Lunan expcriments

(a) Normel values for Clements interrupter valve

(1) Interpretation of records. Pressures deseloped at the interruption

pressure and flow prossure tappings of the Clemenus valvo aro comionly recorded
by low frequency gauges., Uaing a high frequency recording system, oscillations
can be scen in both interruption and flow prossure tracings (Fig.5). These are
ot diiferent etiology to the oscillotions diesussed cbove, and reflect le-kage
betwoen th> pressurc tappings wund tho body of the valve.* Since the flov
pressure tapping was operuting bolow meen velre pressurc, and the interrupticn
prossurc tepping was opereting coove noan velve pressurc, the minine of the
"flow" trewving, and the nexime of the intorruption pressure tracing were used
in the calculetion of puinorary resistenre, If low frequency gaugos had been
used, the apperont interruption proscurc weuld have toen 4 - 5 mn Hy9 lower,

and the appe:ont flow rate 2 = 3 1/uin higher.

(3i) Distribution of noraal voluos, Airway resistance, noesured curing a
steady naximel expiration at approxiuatoly 0,5 1/sec, showed a siightly skewod
distribution (Fig.6). The mean valuo was 2,60 cu H20/1/sec, with & standerd
doviation of 0,98 en H,0/1/scc, and 12/132 epparontly hoaluhy subjects yielded
valuaes greater than i cn HQQ/L/soc. The noan standard dovietion of 10 succossive
neasurc.aents on the sane subject wes 0,81 & 0.40 on qu/L/aoc (ccefficicent of
variation 33.4 3 16.9%).

®*Loakago of a sinilar ordcr was found in two sauples of the valve, even after
cerecful grcasing.
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(131) Repeotition of the test. Obsorvations repeastecd et % nin intervals
renained constent (Table 5). Thore was no build-up of airwey rosistance
with repetition of tho test.

(iv) Length of expiration, Conparison of noasurements uade during a

short expiration fellowing a normel insparation with the standard naxinel

expiration technique showed that the "short-puff' rosulted in a lower

velue for alrway resistance than the standard technique ( A:_S.E. in 10

subjects 0,5V 4 0,20 on HZQ/L/socz). The coofficient of variation wes

nerginelly greater than with naxinal expiration (C.V. for 10 subjeccts 31.1%,

conparcd with 25.4% for the stardard technique on this group of subjocts),

(v) Inspiratory tests., 1In 9 normal subjoc*s the airway resistance during

o standerd maximal oxpiration was compered with the rosistance neasured during

a stealy nmaximel inspiration at the sene rate (Teble 6)s In 3 subjects tho

resistance was significantly greator during inspiration than during expiration,

in 2 it was significantly less, and in tho renaining L there was no difference.
(b) Unscanned records from Clements' intcrrupter velve

(1) Fora of tracing, The unscenned type of record is nccoessary to s*udy the

rate of pressure equiiibration at the nmouth following rapid repetitive interruption
of air.'low, The pattern of tracing obscrved usuelly conforzed with that described
by earlier authors (10) - a sudden rise of pressure et interruption, an underdarper.
oszillation, and a sccondary phase of progressivcly increasing pressire {(Fig.7).
Conparing inspiratory and cxpiratory records, danping was nuch greater during
expiration than during inspiretion; furthernmore, as the last 500 - 1000 nl of

gas were expellcd from tha chest (final 1 = 2 sec of expiration), the secondery
phasc of increasing pressure of'ten beuame very pronounced., In the exampmlce of
Fig.7 (a norrcl Sijcct), the presswi¢ 50 n.scc after interruption was 35 -~ 4O mn
HQC, ascnpared with 45 - 20 H20 in the first few n.sex after interruption of
flow. Danping ratios* for a group of 9 nornal subjccts are given in Teble 6;

in general, the records were underdenved during both inspiration and expiration

and the observed values ley between ratios predicted from the electrical anslogue

(1inear resistors) and the nechenicel anslogue (non-linear resistors),

*Herc calculated fro. the logarithuic deecrement ratio, see Appenlix III.
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(11) Modifinetion of tracint. Tho forn of the tracing, end in perticuler

the degree of danping could be modified by nany of the procedures producing
sinilaer effects in the elesctricel and mcchanical analogues. In normal
subjects, the aegrec of damping could be increased and equilibration of pressures
slowed by voluntery narrowing of the glottis, and an even nore marked picture
of delayod equilibration was seen i the two subjects where alrway resistance
was increased by chronic bronchitis (Fig.8d, cf. normal Fig.8a). The
interposition of edded gas inertance betwcen the mouth and the valve (a 50 en
length of 5 cm2 cross~section rigid welled tube) merkeily dccreased denping;
in normel subjccts, violent oscillations were seen (Fig, Sb), end danving was
iess than critical even when the glottis was deliberatsly nerrowved to increase
airway resistance (Fig.8c). Even in the patients with greatly increased airway
resistance, pressure equilibration became possible during the period of airflow
interruption (Fig.8e). A sinilar dccreasc of danping could be produced vithout
increesing tho external dead space if a few bre-xths of a very ders: gas mixture
(80%% 87¢, 20% oxygen) were breethed inmediataly before the test; conversely, a
few boeaths of o low density nixture (8C% heliun, 20% oxygen) caused damping in
excoss of critical even in nornel subjsets. Danping was elso increased by
adding en extornal shunt compliance (glass vesscl of 1 1. capacity); the effect
wos greatest when this was linked to the external dead space via & narrow orifice.
The inportaice of a relaxcd chest wall to the constaney of chest pressure
after interruption has already becn noted tiacvoretically, This point vas tested
experinentaliy in throc subjects experienced in respiratory manoeuvres,
Expiretim was commenced with the chest wall held tense, and at a given signal
the chest nuscla were relaxed, cxpiration beirg naintained by the abdominal
nuscles alone, When the chest muscles were relaxed, the record showed little
seconlary rise of pressure (Fige. 9), but when the chest wall was iensed, pressures
rose by 20 - 30 on H20 during the interrupted phase of the valve cycle, and the
pressure over thc "scanning" period (17 = 33 n.sec after interruption of flow)

was correspondingly too high,
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Fron the foregoing, a slow rise of pressure after interruption of flow
nay be due to either delay in equilibretion or continued respiratory novement
ageinst a tense chest wall; however, the first is reduced or abolished by an
added external inertance, whereas the sesond is unaffected by this nanoeuvre,
(111 Megnitude of "unscanned" resistansc, The nethod of calouleting sirway

resistenco fron the unscanned pressurc records was thel of Otis et al.(10), the
interruption pressure being found by extrapoletion of the "plateau" following
thoe oscillations beck 1o the instant of flow anterruption. This method is
valid in normei subjeots, wherc the trecing is underdenped, Lut would give en
erroneous answer in subjects where equilibration was clowed (as in Fig.8d).
Conparison wath the resistance calculated from standerd "scamned" records in
13 subjoots showed a significent discrepancy, the acen"unsconned" velue for
this ¢roup being 2,41, S.D. 4 1.04 cn HZQ/I/sec, and the nean "scanncd"
valuo 3,36, S.D. + 1.30 cn HZQ/L/aec (@ 4 S.E. 0,95 + 0,27 on HZO/I/Sec,
0,04 >P>0,001). 1n 6 of the 13 subjects, ths "scanned" nmeasurcnents indicated
a rather high airwasy resistance ( >3,5 cn HPQ/I/suc); in 5 of these 6, the
apparent high resistance was on urtefact due to & secondary rise of pressurc
following irterruptici of flow, end he hLigh rosistance was not confirmed by
*unscenned" neasurcuents,

The average cocfficient of variation of 10 consecutive "unscenned" v.adings
on the same subject wes 18,9 & 5.%e The vorresponding coefficicnt for "scanned"
readings on the sane group of savjecis was 22,2 o 11.65,

(iv) dffect of lung volume., Verious l-boratorics naking scenned necasureneuts

with the Clements valve leva reporied a large effect of lung vclune on the
calouleted airway resistance (2, 1), partioularly during the last 507 - 1070 nl
of expiraticre To exauine how far this erfeoct was duo simply to tensing of

the chest nusclos et tho end of expiration, the enalysis was rcpeated usiag

"un: cenned" rccords. An offcet of lung volunc was still observed, but
resistance rose much less stoeply than with the "scenned" neasurenents. during the

teiainal pert of oxpiration (Fig.10).
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(o) Estimation of external rosigiunvs
(1) In {ingwgszrat'on. In the first series of 13 subjecta, "socanned”
noasurenents of total resletance wero nade before and aftor introduction
of resistances of 2, €, and 23 cu H,0/1/sec; with o steady explratory flow
of 0.5 1/sec. The respoective estinalec of exlornel rociztanse fron those
figures were 0,8, Le6 and 19,2 cn Hao/l/soca

In a second ssries of 47 uubjects, both scenned and unzcannad peesurenents
were nade at a steady uxpiratory flow of 0.5 i/ssc, using en eaternal. renisiaace
of 3,9 on HZQ/l/sec; the respectlvo estinates of this rusisiance were 2,35,
SoBo + 0466 and 2,82, S.E, 4 0,44 cn H20/1/sec by the two teshniguus,

A final geriee of 40 subjoots werc tesied &t e more rapid flow rate
(1 1/se3); using an orifice with a rosistance of 7.1 an Hzo/l/seo et ihis
Tlow rate, the respestive estinates were 5.30, S.E. 4 0,50 on H20/L/aec {scaaned)

nd 7,55, S:E. & 0.26 on H2Q/%/SQQ (wuscenned neasurenents),

(41) Luring inspiration. In 10 suhjscts, uus:enned measucerents were nude ot

steedy inspiratory flcw rates of 0,5 1/tec end 4.0 1/sec, using orifices with
resistances of 4.6 on HZQ/l/sec aad 7.4 cn H2Q/1/sac at the two fiow rates,
Both resistances werc wstireled corrictly, within the linits of expcrinental
oeror (4484, §,E. & 0.23, and 7,64, S,E, + 0.37 ca H o/1/ a0 ),

piseussTon

1. Inforpetion ironm analogues of the respiratory tract

(a) Previous use ol anclogics, Several provious auvhors (4, 12, 43)

heve used electricel and/or ncchanicel anslogues in en attempt to define tha
machanical properties of the respirntosy tract., kowever, previous nodels end
anclogues have omitted one or nore iiportant conponents = the wouth (9, 12, 43)
gae inertance (9, 12), or the incrtance of the atdominal and thoracic viscara
(L), and the meothod of actiretion = either a sine-wave oscillator f42, 12) or a
rquare wave (4, 9) - o en inzorplete representation of the ev:nis involived in
uce of the irtecrrupter velve,

(b) Linitations of present enslopucs

(1) Knowledpe of couponents, The noruel velues for nmeny conponents of the

presont analogue - R, Ra’ Cg, and Cl - are well ostoblished, and regquiive no
gpecilio coanent. € ard R were deteruined bty Cloments, using e ncdification
of the interrupter valve systen (4). The prosent author has found stetic mouth

compliance to vary quile widely fron O.4 to 4.8 nl/en H20 in nornal subjects
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(unpublished data). Chest wall compliance Cc has been obtained as the
differcnce between the total comnliance of the lungs and chest of 0,1 1/on

H,0 (4), and lung compliance €y = tuat is, about 0,2 1/on H,0.  As discussed
in the theoretiocal seotion, if the chost wall is not relaxed following
interruption, Cc many fall to 1/20th of this valus. Rl has bcen estimated

ac 0,2 om HZQ/L/seo at 0.5 1/sec flow from the difference botween body
plethysmograph and oesophegeal measurements of resistance (15), Rl + Rc is
known from the difference betwuen total thorecic and eirway resistance (16)

to be at least 1 on H20/L/sec, end possibly 2 em qu/]/sec. The inertance
terns Ly and Iy have been investigated by measuring accelerative pressures at
differing anbient pressurcs (8); the observed valuc of 0,01 on HQQ/l/sec2 at
normal sabient pressures secemed due largely to the La component, and conformed
with a theorcticel prediction of L, based on the dimensions of thc respiratory
tract,® Other estimates of overell incrtence have been based (12) on

(1) oomperisonc of reactance at differing frequencies (0,04 cn HZQ/L/secz),
and (1i) deternination of resonent frequency (0,006 cn HQQ/l/secz);
howevor, these calculations contein e number of uncertaintics?.

The present analogucs have been designed to operate over the range inposed
by these uncertaintlios, PFrrors in the choicc of values for L and R° are of
ninor importance in ustermining the overell inpcdance to pressures applied at the
Louth, or the rate of equilibration of lung and nouth pressures, but. Ll playvs
an inportant pert in controlling the response to nigh frequencies applicd at the
chest,

®¢ Tho theoretiocal predictior is bescd on a plene wave front, According to Mcad
(8), inertence would be twice the predicted value of 0,042 cn H2O/l/snc2 unler
conditions of ieminer flow, and 1,22 tines the predictcd velue with turbulent flov,
Ven don Berg (13) points out that the fzotors should properly be 1.00 for laminar
flow and 1.33 for turdsuient flow,

/ Dubois et al (12) state that the phase shift et 2.9 o/sec is =33°, and at 5,8
o/sec is zuro (rcsonent frequency), These figurcs apparently rofer to the phase
angle botween pressure and flow across the chest., Allowance is nade for "the
conpressibility of alveolar air" in the case of rressures spplied through a Drinker
regpirator, and for the "coupressibility of air in the flowneter and trachcobronohic
tree" when pressurc is epplied at tho mouth, However, no allowancc is made for
the compliance end resistance of the mouth, and none for the inertance of gas in

the airwey., The inertance calculated is thus soucwhat wicertein,
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(11) Other limitationa, The anclogue 1s e single channel device,

whereas the lung contains ¢ large muber of parallel bronchisl pathways,
However, it 1s not nccessarily an advantage to neltiply the nunber of
channels, as doas Van dun Berg (13), without more knowledge of ths relative
distribution of reelstence, capecilance, and inductance between charnels,

The assunption is made that the wells cf the eir passages are rigid;
in fact, the resistance inecreases throughout expiration, but the chenge of
resistance over tho uniddle runge of lung voluues is not sufficient to invelidats
rosults based on average resistances (2, 1),

Finally, in the electricel (but not in the mechanical) analogue, resisztance
is considered a lineer function of tlci, The daiping ratio observed in hunen
subjects is less then in tho clectrical model, and nore than in the mechanicel
nodel; this could be due Lo part to acceptence of a rather lcw valuz for Cos
but is probably due in the nuin to & comtinetion of a lincer mouth recistence
Rm and a non-linear eirway rescistonce Ra'

(s) The natural resonent frequency.

The definitior of rosonance nos coused some confusion in the past,
Scme authers (12, 17, 18) have considered tho rescnant frequency as that
frequency at vhicu pressure and flov were in phase., In the experinints of
DuBois et al (12), with pressures applicd at the mouth, resonance trus delfined
occurred et a frequency of 5 —= 7 ¢/sece In dngs (46), with pressuves annlicd
vo the chest wall via e Urinker resprreotor, a siuilar "resonent" frequeney was
observed, In cats (13), with pressures applicd to tke traches, the "resonent"
rrequency wae gomowhat higher (7 = 12 ¢/sec). Ta tre presen® electrical nedel,
with potentiels applicd to the clhiest, prescurc and flow were in phes: at a nuch
higher froquency (25 ¢/sce) than in the dog, suggestirg that L. may have been
greeter in 1ife then in theo nodel.  Van den Berg (43) considercd %r.c resonant
freguency as thet frequency vherce inpedance was at a ndnipun, and appiying the
input to ihc "tracheus® of his nolel he doseribed resonence at 6,6 anl 18, 7 o/sec;
in the prrsent nmedel, with the input applied to the chest well ovly, one well
defined nininun off inpedance occurred, at about 30 c/sec. Neither of ine avove
definitions of resnnance are as scnsitive as the suppression of beats in o
danped systenm; wusing this last technique, the prosent author hes found resonarce
at 6,6, 18,7, 28, and 56 c/scc ith noruel scttings of the analogue,
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The primary frequency of interruption (10 o/sec) is well removed from
a zone of resonance, and resonence in phase with interruptious is thus
unlikely to affect the validity cf the method, The only oscillations seen
in the hunmen experinents have a very high frequency (80 - 90 o/sec). Sinilar
osoillations are seen when flow through the meshanical and electricel nodels
ir interrupted by the "Clements valve" (Piga, 5 end 6), although in the
eleotrical model the frequency of oscilietion (50 - 60 o/sec) conforms to
the upper resonance bard previously defined, Presurably these oscillations
ooour locally between the mouth and lung gas conpliance, but in the mecheanical
vodel (and in nan) the frequency of osscillation is incrcased by some contribution
fron cheat~wull comoliance,

(d} The rate of pressure ogquilibration

Many previous workers have oconsidered the lungs and airaey as a simple
resistance/capacitance syster, and have obtained "time constants" by
pultiplication of airway resistance und lung gas compliance; from such
caloulations it has been concluded "that 418 n.svoc was e oonservative estimuve
of 50% equilibdration tine" (418), and that 20 msec was required for equilibretion
(19), Others (2, 20) consilered eqiilitretion to be complete in 5 n.rec. Thd
present work suggrscs that in the use of the interrunter velve, the complience
of the mouth has greater relevance than the compliance of lung gas, Turthers,
the systen is not u simplc resistance/cepacitance network, and gas inertence
cannot be neglected in ocleulating rates of pres~ure equilibration. Indeed,
the aysteu is normelly undecdonped; oscillations therefore oocur, and equilibratio:
is essentielly instantanious, When airway resistance is increcased, cenping
exceeds oritical and eyuilibration t:mce becone langthy (9, 19, 24), In these
cirounstenocer, the equilibration nressure may not even be indicated by the scennin;
phase of the Clements valve (17 = 33 n.sec after interruption); +%here has recentl:
bren a plea for measureuents as latc as 80 m.sec after interruption (19), but at
this tinme it is difflocult to distinguish slow equilibration fiom secnhndary pressure
chenges, and the alternative of spcoding equilibration by use of an external
inertance seeris proferable,
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(e) Adddition of external resistance
The addition of en external resistance is not fully cooparsble with

an increase of alrwey resistance, since the conetriction is distel to the
"shunt" represented by the nouth, In particular, the external resistance
does not alter the damping of the lung/mouth circuit in the wey that an
inorease of airway resistance would, However, under steady flow conditjons
prior to interruption, the pre. .ure gradient is similar whether the resistance
is internel cr externsl, Further,the 20% rcduction of pressures by mouth
compliance (see theory) does not affeot the prossurc drop across the external
resistance., Thus tho oquiliibrium pressure after flow interruption should be
proportional to the sun of airway and external reosistancos, unless the external
resistance has modaficd the airway resistance (as by eltering the tendency of
the airway to collapse during oxpiration).
2, Normal velues for airway resistence in relation to technigue

(a) Absolute magnitude,

The absolute magnituds of airwey recistancc, as determined by interrupter

velve, is greiter than values obteined by oesorhageal bailoon (6, 49, 22}, and
nuch greater than by hnly plethysmograph (22,

The results of the present interruptler valve scries are higher than conse
previously roportcd (6). This nsy be due in part to the use of a long, steady
expiration, as smallor, bu® nore =earicble values worc obtained after a "thort
puff" through th. interrunter velve., Full expiration could have led to
progressive collapse of the airvay, but ropetitive measurcnents of rasistence
did not show any such tread (Table 5). Tha effort of controlling flow at a
steady rate probably led to tensirg cf the chest wall in some subjects, with
consequent over-cstination of rcsistance when 'scenned" pressurc recorcds were
used, Finally, it is likely that alveolar units with a low resistance to
airflov had cnptied before the midpoint of expiretion was reached, The "average"
resistance seen at nid-cxpiration would thus be weighted in farour of higher
registance units, If it is intonded to use the velve as o precise and fully
quantitative neasure of airicy rosistance, this lest point is a velid criticisa
of the maximal expiretion teschnique, However, differcnces of resistance betieen
units are more llkely to occur in thc presence of bronchospasn, and the methed
of merinal expiretisn thus helps to bring out the differcnce between norual ani
sbnori.al subjects,
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(b) Reproducibility of resintance readiugs
It has been stated (5, 23, 24) that changes of airwey resistance are

difficult to denmonstrate by means of the interrupter velve beocause of
variation in control neasurcrents, ond a coefficient of variatioa as great
es 5U% has been qucted (5)s This last msossuent was based on porteble
apperatus fitted with water gauges., Loakege at the velve was thus difficult
to assess, lung volune was no% known, and it was necessary to celculate airway
resistance from the difference betwoen a pair ofcscillating water neniseci.
Tho present figure of 18,9% cocfficient of variation for unscanned readings
compares fevourably with the body plethysnograph (C.V. 24.7%, ref. 22), and
the ocesophageal balloon, (C.V. 27,2%, rcf. 6),

(¢) Use of resistance coefficient,

The calculation of "resistance"” for a non-linear componert is of donbtful
propriety, end somc physicistis have prefcrred to calculate the "constant” R
in the equation P = RF(n) (page 6 ) assuning a constant exponent n(2), However,
the resistant tern R is still not a true constant, for the exponent n varies
with the structure of gas flow in the respiratory tract, During reating
ventilation (3) , turbulence msy develop in the tracnea and upper alrway, but
it is not prerent in the nain resistance elerents of the airway, except ab
points of branching. The apparent constant n is thus a oomposite figure
enbracing laninar flow through somc resistanc: elements (n = 1), end turbulent
fow (n = say 1.85) through the remaining resistance elements, The values of
n to be expected at difforent flow rates arc shown in Table 8, In practice,
a is sonewhat higher (1.5 - 4,7) over th: range cf the interrupter valve
neasurenents (0,5 - 2,5 1/svc), owing to the effects of branching; aowever,
at low flow 1ates n inevitebly tends towards unity, ond at high flow rates +o
s liniting value of 4,85, Thus, however resictance is expressed, it nust be
con’ined to a specified flow range, and having accepted this preuise, the
"resistance coefficient® offers no advantege over the simpler conveniicnal
unit of physiology (cn Hzo/l/sec at 0,5 1/sec flow).

(@) Measuronent of external resistance,

The procedurc of estinating an external recistance has previously been
used to vrlidate the intcrrupter valve technique (2), On the basis of this
procedure, it can be concluded that (1) each of the several procedures adoptud

gives an indox of inereascd reistance, (ii) a 1 1/sec expiration is preferable
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to an 0.5 1/sec expiration, (1ii) inapiration is preferable to expiration,
and (iv) early unscanned readings ere prefershle to scanned reedings in
the estimation of an added external resistance.

The explanation of these findings is probably that the external
resictance riodifies the secondery pressure rise; either expiration is
slightly slower, or subjeots find it easier to maintein a steady flow
without tending the chest wher on extornal resistence ia present than when
it 45 not. Conolusion (iv) is not applicablu to an increase of resistance
internal to the mouth, since equilibretion is then slow.s Wien resistance
is inoreased, a scanned reading (or a late unscenncd reading, 19) is more
likely to give the correct resistance velue than an early unsceanned reading,
CONCLUSTON

Whether the scanning device is used or not, with the Clerents interruptac
velve a fixed intervel between interruption of fluw and neasureuent of prossure
is desirable on grounds of objectivity in interpreting trecings. An early
unscanned reading will be correct under noruel coaditions, but very unsatisfactory
in the presensn of bronchospasn, The scanning position of the Clenents vealve
(17 = 33 m.cec), altkough desernined prineiily by engineering considerrtiors,
probably represents a useful con>roiise for the estimation of both normel and
increased vresistance, The »o3sibility of speeding equilibration by addition

of an external inertence in subjects with bionchospasn has yet to be exploitved.

(Sgds) C. Lovatt Bvens,
Head Physiology Sectiion,

(Sgds)  W.8.5. Ladell,
RIS/EMF, Assistent Director(Medicsl),
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TABLE 4

Components i.sed ia i.isotrical and Mechanioal Analogues of the Resp

Abbreviztion Conponent Noroal units, et Electrical Eleotrio
flow of 0,5 1/sec* Analogue (sine-wa
10 o/se0 | 1
n External (flow neasuring) {6.8 on 320/1/ seo 6.8 0 6.8%
° resistance,
'{m Mouth tissue resistance. }5.0 on 1'120/1/800 5.0k 0 5.XK
Ry Mrvay resistance. 1.5 on Hzo/]/soo 1.5k 1.,5K
2 Lung tissue resistance. 0,2 = 0,5 om 0.5K 0.5%
HZO/],/seo
2 Chast wall and exira 0,5 = 1,5 on 0.5k R 0.5
¢ thoracic rosistancs. 1120/1/“0
Cp Coupliance of mouth 0,001 1/om HZO 1uF 15.9K
tissues.
6, Coupliance of lung tissues|0,200 }/om H,0 200yP 0, 08K
c Coupliance of chest wall #.200 Y/on H20 200yF 0,088
° and extra~thoracic tissues
Cg Ccrpliance of alveolar 0,004 1/on H,0 Lypr LK ‘
888,
2
L, Pulnonary gas inertance |0,01 om H20/]/sec 1CH 0, 6K
L {4 Inertance of lungs, chest [0.01 onm H20/1/sec2 10H 20.8&
e an¢ oxtra thoracic tisaues

o
[t is nocessary to specify the flow rate on account of the non-linearity c
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TABLE 4
_used in Tisotrioal and Mechaniocal Analogues of the Respiratory System
; Noroal units, et Blectriocal Bleotrical impedance ,
flow of 0.5 1/seo* Analogue (sine-wave potential) Mechanical -analogue
J, 10 o/se0 | 100 o/sec |1 o/s
uring) 4 6.8 on Hzo/l/aeo 6.& n 6.& 6.8 6.8 | Clements valve(open)
tance. |5.0 on Hzo/J/aeo 5.0k @ 5. 5.0 5. {7mm orifice(s 2.8 oo
. Hzo/l/sec)
. 1.5 on H,0/1/se0 1.5 0 1.5k 1.5 1.5 |8mm orifice(= 2 on
ﬁvvaw)
ance, |0,2 = 0,5 om 0.5k 0 0.5K 0.5K 0.5k |[Not represented.
H20/1/soo
ra 0,5 = 1,5 on 0.5k 0.5% 0.5% 0.5K |Not representod.
0. 1120/1,/ 8e0
h 0,001 1/om 0 1w 15.%K 1.5% 159K {4 1 vessel
 tissues{0,200 1/cm Hy0 200yP 0.08x 0,008k 0.8
109 1 vessel
1t wall #.200 Yoo 520 200pr 0,08x 0, 008K 0.8
 tissues
30lar 0,004 1/on Hy0 X b OKX 0,LK L0, Not represented
~tance  |0,01 om H20/1/39c2 4CH 0.6 6. K 0.06X {Tubo SO on x 5 on® ‘
3, chest [0.01 om HZO/]/BOOZ 10H 20,6 26.X 20,06k {Inflow to 109 1 reservoir |
3 tisaues of 0.5 1/sec during
interruption. '
S L

 specify the flow rate on acoount of the non-linearity of airway resistance,
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Calculated valuss of resistance &R (including external resistance

UNCLASSIFIED

TADLE 2

R, of 6.8K), reactance I (XL - lo), inpedance £Z, and phase angle

¢ for analngue oircuit, with airway resistance of (a) 145K, and

(b) 15K,
Airwey resistance ne.mal (1,5K) Airwey resistancs high (45K)
P (X - Z L(X =X S
£ IR O\HX-X)| 2zl ¢ IR (*,-%,) ¢
0.25 o/sec | 942 K | =3.67K | Se9 K| =21°48' | 22,2K | - 6,29k | 27,4 k| -15%1
1 BuBIK | ~2,57K | 9o18K | -16°17t] 17,7 K | -10.1 X | 20,8 K | -29%1*
10 246K | =2.37K | 3.3 | -43%54' | 4.7 | - 3.29K | 3,74k | -62°14"
: oy
100 1,02 1 45,57k | E.67 | +79°37" § 1,00 | + 5.59K | 5,63 {+79°52
TLBLE 3
Caleuleted denping ratio and )O% equilibration tine of constant lung
potential, fcllowirg opeaing of airitch Si in enalogue, Fixed nouth
tissue resistance of 5K, and fixed lung gas inertance of 10H assuncd,
selected settings of airway resistance and nouth couplience es shour,
Denping ratio i 9U% equilibretion time
Airaay Mouth complience Mouth conmpliance
resistance O SYF 1 4 OuF 2, OyF | Ou5WF L 4. OuF 2. OpF
1.5K 0,73 1,05 1.46 | Oscillations| 13 n.sec /\
39K 1,C0 1.4 1.99 9 nesec \
10, 1,68 2,37 3e35 ! /
15, X 2424 5416 Lou7 /
i
25.0K 3635 L.75 6o 7! ' / /
39.7K 5.0 7,07 10,0 107 m.sec
5803}{ 7:07 10,0 11}.0 ! 76 D.8¢C0
Blu LK 10,0 1440 20,0 | 54 n,sec L
i ]
UNCLASSIFIED
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TABLE

Denping ratio and 90% equilibration time of nouth pressure

in nechanicel antlogue of airway et selected velues of airway

Mouth resistance 2,8 ou qu/l/seo at 0,5 1/sec,

pouth conplience 0,001 1/cn HEO’ eirway ges inertance 0,012 on

resistance,

Hzo/l/sec2 for plene wave front.,

Orifice Diaieter

Ra(cn HZQ/L/Beo

Danping ratio

i

90% equilibration

at 0,5 L'sec) tine
8 mn 2,0 0s12 oritical oscillations
7 2,8 0,15 oritical oscillations
6 8.0 0,27 oritiocal oscillations
5 12,8 0.33% oriiical oscillations
L 28,0 > oritical 53 n.8ec
2 320,0 > oritical 350 n,sec

TABLE 5

Ten sucoessive rieasurenents of eirway 1esirtence at nid-point of

steady maxinal expiration,

Interval between neasurenents 20 s:o,

Poocled results for first 33 subjeots of prosent series.

Measurnert Adrway resistance ; S.E, of nean
(onx HZQ/I/sec)
1 2,74 & 0419 -1
2 2,66 + 018
3 2,98 i 0425
L 2,68 + 0,17
5 2,50 + 0,26
6 2,63 + 0.48
7 2,84 + 0,26
8 2.84 + 0,18
9 2,90 + 0.23
10 3.0k + 0,22
UNCLASSIFIED
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TABLE 6

Coaparison of expiratory and inspiretory resistance in

9 nornal subjects,

Meen and S.E. of difference shown,

Fxpiratory resistance Inspiratory resistance
4 4+ S.E,
(on H20/1/sec) (en Hzn/l/sec) -
3448 2,65 -0,82 + 033
1,26 Loki5 +3e19 4+ 0,30
3.09 3.1k +0.,05 + 0,30
307'4- 2»69 "1005 _'t 0.6?
1022 3.67 +2.l+5 b 0019
20}4-7 3010 +0063 . 0.32
1055 2.54 +0,99 hid 0,30
142 1e31 ~0.11 + C.18
3.58 2-’-{»3 - 01) ;P_ 0051
TLBLE
Observed damping ratios in normal subjects
Inspiration Expiration

Oulst 0,70

0,24 0.21

C.18 0,36

0430 0430

0007 >1,00

0,27 0,70

0,24 0,70

0,16 >1,00

0017 OOLPO

Mcan 4 SeB. 0,23 4+ 0,03 0,60 & 0433

UNCLASSIFTIED
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TABLE 8

Percentage of "laninar" and "turbulent”" resistance in the

hunan airway at selected flow rates, assuning Reynold's

nunber of 2000, and average flow exponent for systen as a

whole,
Flow "Laniner” "Purbulent" dverage exponent n
1/sec resistance resistance for entire sirway
(R = KP) (R = x¥'*%) (R = KF")

Ouly 100 % 0% 1.00

0.5 81.7 18.3 1.20

0.6 blred 5549 1.53

0.8 42,5 575 1,55

1.l+ 8.3 1'7 1.80

505 ooll- 99.6 10&
10,0 0 100,0 1.85
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APPENDIX I tc PoT.Ps 829
The Clements Interrupter Valve

The Clements valve (4) is a development of an carlier system for neasuring
airway resistance during single interruptions of airflow (3), Airflow is
interrupted 600 times per ninute, flow being deduced fron the pressure prior to
interruption and chest pressure from the pressure during interruption, Normally,
pressure within the valve is "scunned" by two ports rotating with +he valve, and
only the niddle thirds of "flow" and "interruption" pressures are transmitted to
the recording systeri; +this is intended to pernit the use of luw frequency resord-
ing systems.

The apparatus coasists basically of two carefully nachined concentric iietal
sleeves and an outer hood (Figei1). The outer sleeve carries four longitudinal
slits, and there are four corresponding but narrower slits in th: inner sleeve,

The inner sleeve is rotated at a constant rate (150 r.p.n.). As the sleeve +urns,
interruption of flow i3 developed over the cours: of 12 nm.,sec; interruption is

then maintained for some 50 n.sec, and flow is restored over the following42 m.sec.
The "scanning" parts are arranged to communicate with the interior of the valve

17 - 33 n.sec after interruption of fluw, and 17 = 33 m.sec after restoration of
flow. The purpose of the outer hood is to shape the airstrean during the #low
phese of the valve cycle so that the pressure developed during this phase i.
proportional to the 1.66th pover of flow rate (*hus natching the oversll characteris-
tics of the respiratory truct).

In sone devices incorporating the Claments velve flow pressures (PF) and
irlerruption pressurcs (PI} ar: subtracied mechanically frou each other; however,
3n all the present experinents where tiie "sconning" parts were used thn tuo prassures
werv recorded independently by capacitance manoneters and high frequercy pen
oscillngraphs., The "scanning" device necessarily obscures details cf the pressure
during equilibretion, and thus for the purpose of comparison with iesults from the
electrical and mechenical enelogues, the normal "sconning" ports were closed, and
instead a continuous (Munscanned") pressure record was obtained fron a piezoucter

ring mounted proxinal to the interrupter valve propcr,

UNCLASLIFIED
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APPENDTX IT to P,T,P, 829

Caloulation of Inmpedence of Tung-Airwey enalogue by complex

Couplex analysis is a methematical procedure whereby a complex series/parallel
resistance/capacitance/inductence network is reduced to an equivalent series
resistance and capacitance or inuuctence at a given frequency,

Connider first the series case. The impedence Xg to a pure sine wave voltage
of frequency f is given by

2
zS = EP. + E (XL - XC) $6000000 0 (1)

where LR 1s the totel resistunce of the series segment of the clrcuit, X, the
inductive reactence (XL = 27fL, where L is the inductance), and XC the
capacitative roactance (XC = 1/2nfC) where C is the cepacitance), Addition ol
individual scries eleucnts is simplified by usze of tae J operator to signify the
90° @iffcrence of phasc between resistance and reactance (§ = Vo)

2 = R+ J(x,-X,) cesecenee (2)

If written in tbis form. eddition of serics clements may be carried ovt
dircetly:
ZZS = 281 + 252 eoasesvece (3)

In the case of circuit elements arranged in parallll, the total inpedcncc

ZJP is obtained by sumning the reciprocals of individual iupedances ZP1 and ZP"=
AR IO I (s)
= ([ A XENRERN X ] /
zZP zP1 zP2

The reciprocal of inpedance is known as the adnittance, Y.
Thuss

ZYP = YP“ + sz (XN RN NN (5)

UNCLASSIFIED
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Defining sdnittanse in terms of the J operator

Y = .R-—- x
R2 + x2 + J m 9P esecsve (6)
or Y = G + J B easesssen (7)

If parallel cirouit slenents are written in the fornat of equation (7),
these also nmay be added directly, and finally reconverted to an equivalent

gseries inpedance by use of equation (8):

R
G-+ D G- +B Ty’ (8)

Complex anelysis consists in proceeding step by step with the addition of
individual series and perallel elemente in the nmainer deseribed above until the

entire circvit hae been acocounted for,

UNCLASSIFIED
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APDPENDIX TIII to P.T,P, 822
Thedgggins of oscillations

The behaviour of eny oscillating system, electrical or mechanicel, when
subjected to & sudden constraint is conveniently described in terns of a
"denping ratio®, This is most usually calculated 2s the ratio of the observed
denping to the values yielding .ritical danping. In an electricel circuit, the
degree of danping is dependent upon the relative values of R (series resigtance),

L (series inductence) and C (series cepacitance), Criticnl Cenping ocours ivhen
R/ZL = ’17LC, and the danping ratio d is given by %' f vessssees (1)

In & nechenical systen, where R, C, and L ere not known with the sane
precision, it is sometines prefereble to celculate a logarithnic decrement rat.o

fron the amplitude x, and x of two successive helf waves:

Log decrauent ratio = log, ;5 R ¢
0

The reiat.onship of the two neasures of denping mey be explained as follows,
It is known (25) thet

lo . = R
89 X5 3 'gr 6000 -00s0 (3)
Rx
Thus L. e 2ue
Xy ssvscence (A’-d-)

Now the frequency of oscilletion f is ea undamped systeu is

- Li.
£ =4

IC eesesases (5)

UNCLASSIFIED
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In e lightly danped systen, the frcquency f' is proportionately less

x
Th —
us x
2
d
Now v
or

&

LL - Re

nz/_uﬁc_)

WL2\4L ~R2C

substituting in (1)

£l ¥

m

e- L"dz/da

N

UNCLASSIFIED
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680000000 (7)

e0sssecer (8)
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